Rationale: Autologous bone marrow-derived or cardiac-derived stem cell therapy for heart disease has demonstrated safety and efficacy in clinical trials, but functional improvements have been limited. Finding the optimal stem cell type best suited for cardiac regeneration is the key toward improving clinical outcomes.
I
schemic injury of the heart, including myocardial infarction (MI), is a major health problem that leads to structural and functional remodeling 1 and often culminates in heart failure. 2 Novel therapies to repair or replace damaged cardiac tissue are needed to improve the prognosis of patients with MI. Stem cell therapy has the potential to repair hearts after ischemic injury. A variety of adult stem cell types that might repair the injured heart have been tested in animal models. These studies have shown that transplantation of autologous cardiac- [3] [4] [5] [6] or bone marrowderived 7, 8 stem cells induced pluripotent stem cells, [9] [10] [11] and direct reprogramming of endogenous nonstem cells into cardiogenic phenotypes 12, 13 can improve cardiac function after injury. Early stage clinical trials have largely focused on autologous stem cells because of their ease of isolation and lack of immunogenicity. These trials have demonstrated the ability of both bone marrow- [14] [15] [16] and cardiac-derived [17] [18] [19] cells to offer moderate functional benefits when transplanted after cardiac injury. Although the outcomes of these trials continue to improve, the overall beneficial effects of autologous stem cell therapies are still relatively modest, and the fundamental mechanisms of stem cell-mediated repair are largely unknown and controversial. studies in animal models have shown that differentiation [6] [7] [8] of injected cells into new cardiac myocytes is one potential mechanism of this repair. Secretion of paracrine factors that enhance cardioprotection of the endogenous myocardium, neovascularization, and recruitment of endogenous stem cells that promote repair are other major mechanisms. 4, 5, 20, 21 The goal of the present study was to define the contributions of differentiation of transplanted bone-derived stem cells into new cardiac tissue (cardiac myocytes and blood vessels) versus stem cell-mediated induction of endogenous cardiac repair via secretion of paracrine factors.
Well-characterized sources of stem cells shown to enhance cardiac repair of the diseased heart should lead to effective cell therapies. Certain stem cell types may have a greater capacity to transdifferentiate, whereas others may produce more paracrine factors and have a greater potential to stimulate neovascularization and other endogenous repair mechanisms. In this study, we examined the following 8 specific paracrine factors that have been previously suggested to play some role in stem cell-mediated repair of the heart: angiopoietin-1 (Ang-1), basic fibroblast growth factor (bFGF), hepatocyte growth factor (HGF), insulin-like growth factor-1 (IGF-1), platelet-derived growth factor (PDGF), stem cell factor (SCF), stromal-derived factor-1 (SDF-1), and vascular endothelial growth factor (VEGF). HGF and IGF-1 are thought to be cardioprotective: HGF has cytoprotective, antiapoptotic, and proangiogenic effects, [22] [23] [24] whereas IGF-1 can inhibit apoptosis and may stimulate growth and proliferation of stem cells. 5, [23] [24] [25] [26] SCF and SDF-1 are thought to stimulate stem cell function: SCF, the ligand for the c-kit receptor, 27 may stimulate stem cell homing, 28 whereas SDF-1 is a chemotactic ligand that induces stem cell proliferation and homing to the site of injury. 24, 25, 29 Ang-1, bFGF, PDGF, and VEGF all promote angiogenesis: Ang-1 induces vascular cell migration and enhances stability of newly formed vasculature, 24, 28 bFGF induces proliferation of endothelial and smooth muscle cells, [23] [24] [25] 28, 30 PDGF stimulates smooth muscle cell proliferation, 24, 25, 28 and VEGF induces endothelial cell proliferation and tube formation. [23] [24] [25] [28] [29] [30] Although a solid consensus about stem cell repair mechanisms is lacking, most cardiac stem cell researchers currently think that bone marrow-derived stem cells act primarily through paracrine stimulation of new blood vessel formation or through differentiation into vascular cells rather than transforming to myocytes, whereas cardiac-derived stem cells (CDCs) may differentiate into adult myocytes. 31 Although some studies have demonstrated that bone marrow-derived stem cells can regenerate adult myocytes, 7, 8 others have suggested that these new myocytes are mostly formed through stimulation of endogenous cardiac stem cells rather than through direct differentiation of the transplanted cells. 25, 32 Our goal was to define whether and by what mechanisms, bonederived stem cells induce repair of the injured heart.
It has long been hypothesized that both the heart and bone marrow contain stem cell niches where cells with the capability to differentiate down the cardiac or mesenchymal lineage exist in a dedifferentiated state. 7, [33] [34] [35] In these environments, the pluripotent state of the stem cell is thought to be supported by complex signaling interactions with surrounding cells, such as those found in the stromal lining of the bone marrow cavity. Investigators looking for a source of multipotent stem cells developed a new isolation technique using cortical bone tissue, rather than the bone marrow, to isolate cells that might be in a more primitive state. 36 These cells, which can be easily obtained through routine bone biopsy procedures, were negative for most markers of the hematopoietic lineage and expressed the pluripotency marker Sca-1. Under specific culture conditions, these cells differentiate in vitro into osteoblasts, chondrocytes, and adipocytes 36 ; however, no one has yet tested their cardiogenic potential in the injured heart. In this study, we report for the first time that injection of cortical bone-derived stem cells (CBSCs) into the heart after MI improved survival and cardiac function, and CBSCs demonstrated greater improvements across all parameters compared with the more widely studied CDCs. CBSCs differentiated into mature cardiac tissue, whereas CDCs did not, and CBSCs demonstrated a greater capacity for paracrine-mediated endogenous repair to produce these effects. Our study suggests that CBSCs are a source of stem cells that are more abundant and more easily isolated than CDCs, and that CBSCs have a greater capacity to repair hearts damaged by ischemic injury.
Methods
Please refer to the Supplemental Methods section for more detailed experimental methods.
Results

Cortical Bone Stem Cell Characterization
CBSCs or CDCs were analyzed for expression of c-kit and Sca-1 mRNA abundance using quantitative real-time polymerase chain reaction (Online Figure I) . C-kit and Sca-1 protein expression was detected using both immunostaining (Online Figure II) and flow cytometry (Online Figure  III) . CBSCs expressed greater levels of both transcripts than did CDCs: more than 3-fold higher levels of c-kit and 2-fold higher levels of Sca-1 (Online Figure I) . Both stem cells types demonstrated positive membrane immunostaining for c-kit and Sca-1 (Online Figure II) the hematopoietic stem cell marker CD34, the common leukocyte antigen CD45, and other common markers of the hematopoietic lineage that can be detected by a cocktail of antibodies against CD5, CD11b, CD45R, antigen 7/4, Gr-1, Ly6G/C, and Terr-119 (Online Figure III) . Next, we studied whether the stem cells, cultured in vitro, expressed or secreted paracrine factors that are thought to be involved in cardioprotection, neovascularization, or recruitment of endogenous cardiac stem cells. 24, 25, 29 The following 8 specific factors produced by CBSCs and CDCs were analyzed: Ang-1, bFGF, HGF, IGF-1, PDGF, SCF, SDF-1, and VEGF. Protein expression of all 8 factors was detected by Western analysis performed on CBSC or CDC lysates collected in vitro ( Figure 1A ). Positive expression of these factors in vitro was confirmed by immunostaining ( Figure 1B) . ELISA of stem cell-conditioned media demonstrated that IGF-1, VEGF, and SDF-1 were all secreted by proliferating CBSC and CDCs in culture ( Figure 1C ), and no significant difference between the amount of paracrine factors secreted by each cell type could be detected. Neither HGF nor SCF was secreted in detectable amounts by either stem cell type, although both factors were seen at the protein level by both Western analysis and immunostaining. These results show that both CBSCs and CDCs produce factors known to be associated with beneficial cardiac remodeling after MI. 22, 23, 25 CBSCs Differentiate In Vitro in Coculture With Neonatal Rat Ventricular Myocytes Both bone marrow-derived 32, 37 and CDCs 38 have previously been shown to differentiate in vitro in coculture with neonatal rat ventricular myocytes. To quantify the rate of in vitro differentiation into cells expressing cardiac myocyte proteins, CBSCs cocultured with neonatal rat ventricular myocytes were fixed and stained for α-sarcomeric actin (Online Figure IVA and IVB) or connexin43 (Online Figure IVC and IVD). Staining revealed that 11.5±0.9% (n=5) of enhanced green fluorescent protein positive (EGFP+) cells expressed α-sarcomeric actin and 7.5±1.7% (n=5) appeared coupled via Figure 1 . In vitro characterization of stem cells. A, Cortical bone-derived stem cell (CBSC) or cardiac-derived stem cells (CDC) lysates were analyzed by Western analysis. Positive controls include mouse endothelial fibroblasts (MEF), liver, bone marrow (BM), and B lymphocytes (B cell). Myocyte (MYO) lysates were used as negative controls for all samples. B, CBSCs (green) were fixed in vitro and immunostained against each paracrine factor (red). Nuclei are labeled with 4',6-diamidino-2-phenylindole (blue) and scale bars, 20 μm. C, CBSCs or CDCs were allowed to proliferate for 72 hours, and their culture media was analyzed by ELISA for the presence of soluble hepatocyte growth factor (HGF), insulin-like growth factor (IGF), stem cell factor (SCF), stromal-derived factor-1 (SDF-1), and vascular endothelial growth factor (VEGF). Samples were analyzed in triplicate, and background signal was subtracted using unconditioned media blanks. Ang-1 indicates angiopoietin-1; bFGF, basic fibroblast growth factor; GADPH, glyceraldehyde 3-phosphate dehydrogenase; and PDGF, platelet-derived growth factor. NS, no significant difference (P>0.05).
connexin43 gap junctions to their neighboring cells. A very small fraction of EGFP+ cells (<1%) were observed to contract spontaneously after 72 hours in coculture. Thus, like bone marrow-derived or CDCs, CBSCs, in vitro, demonstrate some capacity to differentiate into cells expressing cardiac specific proteins in vitro.
CBSC Transplants Improved Survival and Cardiac Function, Attenuated Adverse Left Ventricular Remodeling, and Reduced Infarct Size
The effects of CBSCs versus CDCs on post-MI structural and functional remodeling were studied. The MI procedure reduced 6-week survival to 50.4% in animals receiving sham saline injections. Animals receiving MI and CBSC therapy demonstrated a 76.5% 6-week survival, which was greater than CDC-treated animals and significantly greater than the saline-treated controls (Figure 2 ). Animals receiving CDC therapy did demonstrate an improvement in survival relative to saline-treated MI controls (66.4%), but this improvement was not statistically significant. Both stem cell therapies improved cardiac function and attenuated adverse cardiac remodeling characteristic of MIs in this model system (Figure 3 ), and these changes were most pronounced in the MI+CBSC group. Animals receiving MI+CBSC had significantly improved ejection fraction and fractional shortening (FS) compared with the MI+saline control animals as early as 1 week post-MI, and these changes were sustained through 6 weeks post-MI. Improvements in ejection fraction and FS were greater in CBSC-treated animals versus CDC-treated animals. Both stem cell treatment groups had an initial decline in stroke volume, Figure 2 . Six-week survival. Mice underwent sham, MI+saline, MI+CDC, or MI+CBSC surgery. Data were analyzed using a Kaplan-Meier regression, and significance was determined using the log-rank test. CBSC indicates cortical bone-derived stem cell; CDC, cardiac-derived stem cells; and MI, myocardial infarction. Five mice were randomly selected from each group (MI+Saline, MI+CDC, or MI+CBSC) to undergo acute infarct size analysis at 24 hours post-MI, and no significant difference between the area at risk or ischemic area was detected between animals in any group (Online Figure V ). These results demonstrate that acute infarct size was similar in all study animals. Therefore, the structural and functional improvements in the MI+CBSC and MI+CDC groups can be attributed to the effects of cell transplantation alone and are not the result of a stem cell-mediated reduction in initial infarct size. After 6 weeks post-MI, chronic infarct size was analyzed by measuring the area of infarcted tissues relative to total myocardial area on hematoxylin and eosin-stained cross-sections from saline-, CDC-, or CBSC-injected hearts. Animals receiving either CDC or CBSC therapy had significantly smaller infarcted areas relative to saline-treated controls, with CBSC-treated animals demonstrating the most significantly reduced infarct sizes, suggesting that infarct size or expansion was reduced 6 weeks after CBSC therapy.
Contractile Myocardium Was Detected at CBSC Injection Sites
Strain analysis was performed on long-axis B-mode images to determine whether regions injected with CBSCs developed contractile activity. Figure 4A shows representative 3-dimensional Figure 4A ). In the MI+saline control group after 6 weeks, there was a dramatic reduction in wall velocity across the endocardium of the infarct-related anterior wall ( Figure 4A) . CDC-treated animals demonstrated some improvements in wall velocity at the infarct border zone, whereas CBSC-treated MI animals demonstrated even greater improvements in wall velocity at the infarct border zone segments where CBSCs were injected ( Figure 4A ). Figure 4B shows vector diagrams taken from long-axis B-mode echocardiograms, and Online Videos I through IV show live video loops of 3 consecutive cardiac cycles from each heart. The normal hearts demonstrate uniform, synchronous contractions, and relaxations throughout the cardiac cycle (Online Movie I). Animals with MI injury showed pronounced LV chamber dilation, wall thinning, and hypokinesis of the infarcted wall, as evidenced by the lack of vector activity in this region (Online Movie IV). In animals receiving stem cell therapy, the LV chamber was less dilated, with attenuated wall thinning and increased contractile activity in the border zone segments that received cell therapy. Although CDC-treated animals did show some improvements in wall velocity and strain at the border zone segments (Online Movie III), CBSC-treated animals had much greater wall velocities and contraction vectors nearly equal in magnitude to baseline control hearts at the infarct border zone segments where CBSCs were injected (Online Movie II).
Global averages of LV endocardial strain and strain rate are plotted in Figure 4C . Strain, which measures change in length relative to the initial length (strain=final length [L]/initial length [L 0 ]), was measured either in the radial (from the center of the ventricle cavity outward) or longitudinal axis (from the apex to the base). The rate of change in strain (strain rate=strain/ time) was also calculated. In both axes, strain and strain rate were significantly reduced after MI. Significant improvements in both strain and strain rate in both the radial and longitudinal axes were observed in MI animals receiving CBSC or CDC therapy relative to MI+saline controls, and CBSC-treated animals showed improved strain relative to CDC animals across all parameters at all time points. These data demonstrate that CBSC-treated hearts had significantly improved global and regional contractility by 6 weeks post-MI.
Expression of Proangiogenic Paracrine Factors In Vivo by Stem Cells Induces New Blood Vessel Formation
The environment in the infarct border zone is dramatically different from that in the tissue culture dish. Therefore, paracrine factor expression and production are likely to change after transplantation of CBSCs into the infarcted heart. At 24 hours post-MI, hearts receiving CBSC transplants were immunostained for the 8 paracrine factors studied in vitro. Injection sites containing EGFP+ CBSCs were identified and found to express bFGF and VEGF, but Ang-1, IGF-1, HGF, or PDGF were not detected at any injection sites examined ( Figure 5 ). Injection sites containing EGFP+ CDCs were found to express Ang-1 in addition to bFGF and VEGF, but we could not detect the 5 other factors. These studies suggest that, when injected into the MI border zone, CBSCs express only bFGF and VEGF (and CDCs express only Ang-1, bFGF, and VEGF). Despite expressing an additional paracrine factor after 24 hours, expression of all paracrine factors by CDCs was not sustained (Online Table II ). No amounts of Ang-1, bFGF, or VEGF could be detected in any CDC injection sites after 24 hours post-MI (data not shown).
VEGF expression was detected in CBSC injection sites as late as 2 weeks post-MI (Online Figure VII) . The fluorescence intensity tracings of each color channel (green: EGFP, red: VEGF, blue: 4',6-diamidino-2-phenylindole) across a confocal line scan of the cell selected in Online Figure VIIA demonstrates the colocalization of the VEGF and EGFP signals (Online Figure VIIB) . A scatterplot of pixel intensities (Online Figure VIIC) in the red channel versus the green channel was generated, and the diagonal deflection documents colocalized red/green pixels (56.2% of green and red pixels in this line scan were colocalized). A control scatterplot of the blue (4',6-diamidino-2-phenylindole) versus green channel (EGFP) shows only 13.6% of blue/green pixels were colocalized (Online Figure VIID) . Paracrine factors involved in cardioprotection or homing and recruitment of endogenous stem cells (HGF, IGF-1, SCF, and SDF-1) were not detected at any time point in vivo. An overview of all in vitro and in vivo paracrine factor analyses for CBSCs can be found in Online Table I , while a summary of CDC paracrine factor analyses is shown in Online Table II. To determine whether the in vivo expression of the CBSCsecreted proangiogenic factors bFGF and VEGF (and Ang-1 secreted by CDCs) resulted in increased neovascularization, blood vessel density was measured in the infarct zones from MI animals treated with saline, CDCs, or CBSCs (Online Figure  VIII) . MI animals receiving CBSC treatment had 15.13±3.04 von Willebrand factor-positive blood vessels (purple) per ×20 field of view and MI animals receiving CDC therapy had 10.13±1.13 von Willebrand factor-positive vessels per field, whereas saline-treated controls had only 4.95±1.30 von Willebrand factor-positive vessels per field. These data support the idea that secretion of proangiogenic paracrine factors in vivo by both stem cell types, and especially by CBSCs, induced increased neovascularization. Increased blood supply to the injured heart could have contributed to the functional benefits we observed after CBSC transplant. The majority of these blood vessels did not contain EGFP+ cells, suggesting that they were derived via endogenous repair rather than from the injected cells.
EGFP+ CBSCs Expand Over Time as Cells Proliferate and CBSCs Transdifferentiate Into 5 Distinct Phenotypes
CBSC injection sites were examined 1, 2, and 6 weeks after MI ( Figure 6 ). Injection sites were identified after immunostaining against α-sarcomeric actin (red) and EGFP (green).
Histological samples from CBSC-and saline-injected hearts were stained simultaneously, and the absence of EGFP signal in the saline-injected controls was confirmed, documenting a very low level of autofluorescence under the conditions used. All tissue sections were first examined under low magnification to identify injection sites, and then high magnification confocal images were analyzed. At 1 week post-MI, the majority of EGFP+ cells were found in discrete groups of small, round, poorly differentiated cells. By 2 weeks post-MI, the area of the heart with EGFP+ cells had expanded, and the majority of these EGFP+ cells were enlarged and had an elongated appearance. By 6 weeks post-MI, injected stem cells had spread throughout the infarct zone and into the infarct border zone and discrete injection sites were no longer visible. Six weeks after injection, the EGFP+ stem cells were spread throughout the border zone and infarct zone.
Time-related changes in CBSC phenotype were studied. After 1 week, most EGFP+ cells were still small (10-20 μm) and round in shape (similar to the morphology of the injected cells), but the majority had begun to express unorganized cytosolic α-sarcomeric actin ( Figure 7A) . A small number of cells that were in close contact with viable endogenous myocytes began to elongate and align in the axis of contraction, as defined by the sarcomeric organization of surviving myocytes in the region. By 2 weeks post-MI, as the injection sites had begun to expand, the majority of cells were elongated, aligned along the axis of contraction, and were expressing additional cytosolic α-sarcomeric actin ( Figure 7B ). As at 1 week, EGFP+ cells that had engrafted closest to viable endogenous myocytes appeared the largest and most mature, with even greater amounts of α-sarcomeric actin visible in their cytoplasm. Although actin expression seemed to be increased by 2 weeks post-MI, it was still relatively unorganized, without the characteristic sarcomeric striations of adult myocytes. Individual color channel images for Figure 7A and 7B and staining controls for 1 and 2 weeks post-MI+saline are shown in Online Figure IX .
By 6 weeks Post-MI, newly formed EGFP+ myocardium was visible at the border zone, and the following 5 distinct EGFP+ stem cell phenotypes were identified: (1) cardiac myocytes with α-sarcomeric actin in organized sarcomeres were found to be coupled to neighboring cells via connexin43+ gap junctions ( Figure 7C ), (2) cells that express unorganized α-sarcomeric actin ( Figure 7C ), (3) vascular smooth muscle cells that stain positive for α-smooth muscle actin ( Figure 7D ), (4) vascular endothelial cells that stain positive for von Willebrand factor ( Figure 7D) , and (5) EGFP+ Figure 5 . Characterization of paracrine factors secreted by stem cells after 24 hours post-MI in vivo. Animals receiving MI+CBSCs or MI+CDCs were euthanized 24 hours post-MI for analysis of paracrine factor production. EGFP+ CBSCs stained positive for bFGF, and VEGF (shown in red) but negative for HGF, IGF-1, PDGF, SCF, and SDF-1. EGFP+ CDCs stained positive for Ang-1 in addition to bFGF and VEGF but stained negative for HGF, IGF-1, PDGF, SCF, and SDF-1. Nuclei are labeled with DAPI (blue), and injected CBSCs are green. Ang-1 indicates angiopoietin-1; bFGF, basic fibroblast growth factor; CBSC, cortical bone-derived stem cell; CDC, cardiac-derived stem cells; DAPI, 4',6-diamidino-2-phenylindole; EGFP, enhanced green fluorescent protein; HGF, hepatocyte growth factor; IGF, insulinlike growth factor; MI, myocardial infarction; PDGF, platelet-derived growth factor; SCF, stem cell factor; SDF-1, stromal-derived factor-1; and VEGF, vascular endothelial growth factor. cells that are smaller (<20 μm) and lack any expression of adult cardiomyocyte or vascular cell proteins ( Figure 7D ). Online Figure X shows an additional low-magnification image of the CBSC-treated border zone at 6 weeks post-MI in which a newly formed region of EGFP+ myocardium can be seen adjacent to a region EGFP− endogenous myocardium. Online Figure XI shows a low magnification view of the blood vessel shown in Figure 7D , in which the EGFP+ vessel is clearly surrounded by regions of EGFP− myocardium. Individual confocal color channel images and staining controls for Figure 7C 
Cardiac-Derived Stem Cells Expand and Proliferate Over Time But Adopt a Less Mature Adult Myocyte Phenotype
Online Figure XIV shows images from the hearts of CDCtreated MI animals studied at 1, 2, and 6 weeks post-MI. EGFP+ CDC injection sites were identified and stained for α-sarcomeric actin (red) in Online Figure XIVA begun to express unorganized α-sarcomeric actin. By 2 weeks, the cells have begun to align and elongate like CBSCs, and they continue to express unorganized α-sarcomeric actin. By 6 weeks post-MI, however, no EGFP+ cells with organized sarcomeres were found. Cells continue to grow larger and are still aligned, and some had even begun to express connexin43 gap junctions (Online Figure S-XIVB, right panel) , but cytosolic α-sarcomeric actin was not yet striated and mature gap junctional plaques were not identified. These data suggest that under our conditions, CDCs adopted a less mature cardiomyocyte phenotype during the 6-week course of this study.
CBSC-Derived EGFP+ Myocytes Isolated 6 Weeks After Injection Demonstrated Mature Contractile Properties
Some animals that received MI and CBSC therapy were euthanized 6 weeks after injury and myocytes from their left ventricles were isolated and studied in vitro. Isolated myocytes were also immunostained for α-sarcomeric actin (red), EGFP (green), and nuclei were labeled with 4',6-diamidino-2-phenylindole (blue) to analyze myocyte size and the number of nuclei per cell (Figure 8) . Of all the myocytes in the left ventricle, an estimated 0.84% expressed EGFP, suggesting that these cells had been derived from transplanted CBSCs. To estimate how many new myocytes were formed from EGFP+ CBSCs (assuming that 0.84% of isolated myocytes were EGFP+), the total number and volume of myocytes in the heart was approximated. Our laboratory has previously estimated the total number of ventricular myocytes in the feline heart 39 by measuring the average volume of the heart and the average volume of a myocyte. The mean weight of the mouse ventricles 6 weeks post-MI+CBSC=205.3±10.8 mg, and the average volume of a mouse myocyte can be approximated using average myocyte dimensions (100×20×10 μm=20 000 μm =0.1937 mL. Myocytes are known to make up ≈80% of the heart by volume, 41 so the volume of the heart constituting myocytes=0.8×0.1937=0.1550 mL. Thus, the total number of new EGFP+ myocytes in the average mouse heart at 6 weeks post-MI+CBSC=0.1550 mL/2×10 −8 mL=7.75×10 6 total myocytes/heart. If 0.84% of myocytes analyzed were positive for EGFP, then 0.0084×7.75×10 6 =65 100 new EGFP+ myocytes were formed per heart. At the time of surgery, 40 000 cells were initially injected. To form this number of new myocytes, the injected CBSCs must have proliferated and committed to the cardiac lineage. As shown in Figure 7 , only a fraction of the EGFP+/α-sarcomeric actin+ cells were striated. In Online Figure SXV , we measured the relative numbers of striated (muture) and nonstriated/unorganized (less mature) EGFP+/α-sarcomeric actin+ cells in 6 weeks post-MI CBSC hearts. This histological analysis showed that there were approximately equal numbers of striated and nonstriated EGFP+/α-sarcomeric actin+ new myocytes. Collectively, these analyses suggest that the number of CBSC-derived new myocytes (about 130 000) is ≈3× greater than the number of cells originally injected (40 000).
EGFP+ isolated myocytes were identified, and the size and number of nuclei per cell were analyzed and compared with EGFP− myocytes isolated from the same hearts. Figure 8A shows a representative EGFP+ myocyte with 2 nuclei. When compared with EGFP− controls, EGFP+ myocytes had smaller average cross-sectional surface area ( Figure 8B ). More than 90% of EGFP− myocytes were binucleated, whereas only 5.4% of EGFP− cells were mononucleated, and 4.1% were tetranucleated. In contrast, there were significantly more mononucleated and significantly fewer binucleated EGFP+ myocytes, with 1/3 EGFP+ myocytes having only 1 nucleus ( Figure 8B ). There was no significant difference in tetranucleation between EGFP+ and EGFP− myocytes.
Isolated EGFP+ and EGFP− myocyte FS and Ca 2+ transients were measured. Figure 8C shows representative EGFP+ and EGFP− myocytes under fluorescence or bright field histology with their corresponding FS or Ca 2+ transients. Mean FS, peak Ca 2+ (F/F0), and time constant of decay of the Ca 2+ transients were measured ( Figure 8D ). EGFP+ myocytes isolated 6 weeks after MI had contractions and Ca 2+ transients that were indistinguishable from EGFP− controls, documenting that they had assumed a mature adult phenotype.
Discussion
This study explored the potential beneficial effects of transplanting a novel population of c-kit+/Sca-1+ cells from the stem cell niches within the bone, rather than from bone marrow, into the border zone of a myocardial infarction, and the effects of this novel cell type were compared with a widely studied population of c-kit+/Sca-1+ CDCs. Our results show that CBSCs have beneficial effects on the structure and function of the heart after MI. Animals with MI that received a CBSC transplant had improved 6-week survival, cardiac function, and attenuation of adverse left ventricular remodeling compared with both saline-injected MI controls and CDC-treated animals. Strain analysis demonstrated that CBSC-treated MI animals not only had improved global function, but their hearts also had greater contractile function at the MI border zone relative to saline-and CDC-injected hearts. Strain analysis allows for precise imaging at the infarct border zone, where stem cells were specifically administered to achieve optimal effect. 42 At border zone segments where new myocardium was detected using histological techniques, strain analysis of CBSC-treated mice showed greater contraction ( Figure 4A-B) , suggesting that the stem cells enhanced contractile function in the region where they were injected. Histological analysis showed that, whereas CDCs adopted less mature adult phenotypes, EGFP+ stem cell-derived adult cardiac myocytes with normally striated α-sarcomeric actin networks and connexin43+ gap junctions were present throughout the border zone in CBSC-treated mice ( Figure 7C ). CBSC-derived new cardiac myocytes that were isolated from hearts 6 weeks after MI had normal contractions and Ca 2+ transients. These findings support the idea that newly formed cardiac muscle was derived from injected CBSCs, and these cells make a contribution to the improved contractile function of the injured heart.
CBSCs Secrete Proangiogenic Factors and Promote Neovascularization
A major goal of the present study was to explore paracrine effects of injected CBSCs. Many studies have looked at stem cell paracrine factors in vitro and drawn conclusions without studying the changes in expression of these factors after injection into the heart. 21 Other groups have looked at the changing paracrine factor expression by stem cells after injection, but they have either studied total myocardial expression of these factors 43 (rather than expression specifically by stem cells) or they have only examined specific stem cell expression of a single factor. 28 Ours is the first study to both establish in vitro expression of multiple paracrine factors and examine the temporal changes in expression of all of these factors specifically by the stem cells after transplantation. [21] [22] [23] [24] 27, 28, 30, 44 We specifically explored neovascularization and the presence of paracrine factors in regions with injected CBSCs. Our studies showed that CBSCs produced the proangiogenic factors bFGF and VEGF (both in vitro and in vivo). These factors are known to be involved in vascular cell proliferation and induction of angiogenesis, [22] [23] [24] [25] [28] [29] [30] and there was evidence of increased neovascularization in the infarct zone of hearts treated with stem cells in this study (Figure S-IV) . Although CDCs initially produced Ang-1 in addition to bFGF and VEGF, these factors were not observed past 24 hours post-MI, and the neovascularization of the border zone in CDCtreated animals was less robust than CBSC-treated animals by 6 weeks post-MI. Additionally, our studies showed that, whereas CDCs did not transdifferentiate into mature cardiac myocytes or blood vessels by 6 weeks post-MI, CBSCs transdifferentiated into adult vascular cells, including smooth muscle and endothelial cells, although this was observed relatively infrequently. Although there was strong evidence of myocyte transdifferentiation (EGFP+ cardiac myocytes were identified in 5/8 hearts analyzed 6 weeks post-MI), and many cells from hearts at earlier time points could be identified in intermediate stages of myocyte differentiation (in 6/6 hearts analyzed after 1 week post-MI+CBSC and in 6/6 analyzed fixed at 2 weeks post-MI+CBSC), the same could not be said for cells of the vascular lineage (EGFP+ vascular cells were only identified in 2/8 hearts analyzed at 6 weeks post-MI, and no intermediate EGFP+ lumen or tube-like structures were found at 1 or 2 weeks post-MI). These findings suggest that paracrine-induced new blood vessel formation via endogenous repair seems to be the primary mechanism for the enhanced angiogenesis observed in CBSC-injected hearts. The in vivo paracrine factor analysis showed those factors involved in cardioprotection (HGF, IGF) or stimulation of endogenous stem cells (SCF, SDF-1) that were expressed in CBSCs in vitro were not found in CBSCs after they were injected into the MI border zone. These results suggest that part of the beneficial effect of CBSCs on MI hearts is paracrine-mediated enhancement of angiogenesis.
CBSCs Differentiate Into New Cardiac Myocytes
In the present study, we used CBSCs and CDCs from an EGFP+ mouse so that we could easily trace the fate of the injected cells. Using time course in vivo histological analysis with this stably expressed fluorophore, we were able to demonstrate that CBSCs differentiated over time down the myocyte lineage by 6 weeks post-MI, whereas CDCs did not adopt a fully mature cardiac myocyte phenotype. As discussed above, we found evidence for enhanced revascularization of the MI border and infarct zone in CBSC-injected hearts. However, the new blood vessels rarely comprised EGFP+ cells, suggesting that CBSCs enhanced endogenous repair. Our experiments demonstrate that EGFP+ CBSCs express cardiac proteins soon after injection into the MI heart, and by 6 weeks post-MI, these cells have organized sarcomeres, are connected to their neighbors via gap junctions, and contract with Ca 2+ transients that are similar to those of EGFP− myocytes isolated from the same hearts.
Our studies suggest that the transition from an injected CBSC to a fully functional cardiac myocyte takes between 2 and 6 weeks under our conditions. After 1 week, most the EGFP+ cells had immature characteristics and expressed unorganized cardiac contractile proteins. Two weeks after MI, areas with EGFP+ cells were larger, suggesting cell proliferation, and the cells had begun to elongate along the axis of EGFP− myocytes that had survived the infarct. More EGFP+ cells expressed cardiac contractile proteins but no organized sarcomeres were found. By 6 weeks post-MI, there were many regions containing EGFP+ myocytes with organized sarcomeres, and these cells were well integrated in the myocardium via gap junctions. The contribution of these new myocytes to the improved cardiac contractile performance of the post-MI heart cannot be proven with the techniques used in these experiments. However, regional strain measurements from sites of CBSC injection documented increased contractile performance in the regions where we isolated EGFP+ myocytes with robust contractile activity. These findings support the idea that CBSC-mediated new myocyte formation is at least partially responsible for improvements in cardiac structure and function in MI hearts with CBSC treatments.
Our major evidence for CBSC-derived new myocyte formation is that we found EGFP+ cardiac myocytes in the MI border zone of hearts 6 weeks after CBSC injections. There is always concern that injected cells might have fused with existing myocytes, 45 but little or no evidence for fusion in these types of experiments has been observed, 3, 46 and complex studies using multiple stem cell labeling strategies have largely contradicted the fusion hypothesis. 8 We also have evidence that the EGFP+ myocytes we found were newly formed from smaller CBSC progeny. Our experiments showed that EGFP+ isolated myocytes were smaller, and a higher percentage of these cells were mononucleated, consistent with a maturing adult cardiac myocyte. We estimated the number of new, CBSC-derived EGFP+ myocytes by isolating myocytes from hearts 6 weeks after CBSC injection into the MI border zone. We estimated that the number of new myocytes significantly exceeds the number of injected CBSCs, consistent with proliferation of either CBSCs or newly formed myocyte progeny. Importantly, our approach may have significantly underestimated the number of new myocytes because it is more difficult to isolate viable myocytes from infarct zones with fibrotic regions than from undamaged regions of the same heart. The present data are also consistent with previously published reports from our laboratory in which newly formed myocytes were detected in the growing heart during adolescence. 39 These results are also similar to observations made in several studies by the Anversa laboratory, in which newly formed isolated myocytes were observed to be smaller than spared endogenous myocytes that lacked the stem cell marker. 3, 5, 8 Collectively, our results suggest that CBSCs survive in the MI border zone and within weeks they begin to form new cardiac tissue. The survival and differentiation of CBSCs was associated with improved cardiac structure and function and enhanced survival.
Other CBSC Cardioprotective Effects
Our experiments show improved cardiac structure and function in the first 2 weeks after MI, before injected cells had enhanced vascularity and local contractility. The mechanisms of these early beneficial effects are not clear. One possibility is that injected cells thicken and stabilize the infarcted wall, thereby reducing wall stress and slowing dilation. These results are consistent with early stage clinical trials with wall stabilizing agents. [47] [48] [49] [50] The cardiac functional data of MI animals treated with CDCs and CBSCs also provide some insight into the wall stabilizing effect of cell therapy. By 1 week post-MI, both the MI+CDC and MI+CBSC groups had similar cardiac functional parameters (ejection fraction and FS). However, with time the functional improvements in the MI+CBSC group were sustained, whereas the function in MI+CDC animals continued to decline. The initial functional benefit may be attributed to a wall stabilizing effect that would likely be the same between both cell types, whereas the sustained functional improvement seen only in the MI+CBSC group could be the result of enhanced paracrine-mediated revascularization and maturation of CBSCs into new cardiac tissue.
CBSCs Versus CDCs and Other Stem Cell Types
Overall our data suggest that a bone-derived c-kit+/Sca-1+ stem cell population can support the injured heart through direct transdifferentiation into adult cardiomyocytes and vascular cells as well as through secretion of proangiogenic paracrine factors. CBSCs proved somewhat more effective at repairing the injured heart than CDCs, in part because CBSCs showed the capacity to transdifferentiate and form cells with a mature adult phenotypes in this animal model. Although we did not observe full differentiation of CDCs within the 6-week time frame of this study, it is possible that they could differentiate if allowed more time (their phenotypic changes during 6 weeks did mimic those of CBSCs in the first 2 weeks post-MI). Difficulty of maintaining the undifferentiated state of CDCs in vitro during cell expansion also likely contributed to the less robust cardiogenic potential of the CDCs used in the present experiments. We think that cortical bone provides an easy-to-access, more abundant source of stem cells that are potentially more pluripotent than has previously been isolated from the bone marrow. Additionally, these stem cells can be isolated from cortical bone in high numbers without the need for arduous sorting processes, such as fluorescence-activated cell sorting or magnetic bead sorting that are required to isolate the relatively rare populations of c-kit+ cells from the bone marrow or myocardium. We are cautious when making comparisons with previous studies with other cell types because the effectiveness of different cell therapies is likely to be influenced by a host of factors, including the isolation approach, methods of cell expansion and purification, and the animal model in which the cells are tested.
Previously, there has been much skepticism that cells from outside the heart are capable of cardiomyogenesis, 51, 52 and many researchers have argued that new myocytes in stem cell-treated hearts are derived from paracrine stimulation of endogenous stem cells. 25, 32 Our study shows that bone-derived stem cells can directly form new myocytes, independently of endogenous CDCs, and these new myocytes can be isolated and their contractile properties and Ca 2+ transients are indistinguishable from endogenous myocytes. Transplanted CDCs in our model failed to produce myocytes with a mature adult phenotypes. Additionally, our stem cells have shown a wide potential to support the injured heart through several mechanisms without the need of modifications that have been used in other studies. 22, 23, 53, 54 In summary, our studies show that CBSCs can survive the hostile environment of the post-MI heart without modification, secrete factors that enhance endogenous angiogenesismediated repair, and differentiate into new cardiac tissue. These beneficial effects culminate in a heart with less structural remodeling and improved cardiac pump function.
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What Is Known?
• Ischemic heart disease leads to cardiac dysfunction and heart failure by inducing the death of cardiac myocytes.
• Stem cells isolated from heart tissue or bone marrow partially improve heart function when transplanted into animals and humans with ischemic heart damage.
• Mechanisms underlying the beneficial effects of stem cell are not clearly defined and are thought to include differentiation of injected stem cells into new cardiac tissue as well paracrine activation of endogenous repair.
What New Information Does This Article Contribute?
• Cortical bone (rather than the bone marrow) stem cells (CBSCs) injected into the border zone of an induced myocardial infarction (MI) have salutary effects on cardiac structure, function, and survival.
• CBSCs enhance angiogenesis in the MI border zone by secreting factors that trigger endogenous blood vessel formation.
• CBSCs injected into the MI border zone survive, proliferate, and differentiate into new, functionally mature heart muscle cells that enhance cardiac function in the regions of cell injection.
Cell therapy to treat damaged hearts has proven safe in humans, but the functional and survival benefits of these therapies have been modest and the mechanisms underlying putative benefits remain largely unknown. Hence, there is still a need to identify stem cells that can survive the hostile environment of the ischemic heart and can differentiate into new cardiac tissue and elicit endogenous cardiac repair. The present study examined the ability of a novel population of stem cells derived from the cortical bone (CBSCs) to repair the mouse heart after MI. CBSCs were c-kit+ and Sca-1+ but did not express hematopoietic lineage markers. CBSCs survived and engrafted into the post-MI heart and improved survival and cardiac function, and they attenuated adverse cardiac remodeling. CBSCs were shown to have the following beneficial effects on cardiac structure and function after MI by: (1) direct differentiation into functionally mature cardiac myocytes and vascular structures, and (2) secretion of paracrine factors that induce enhanced formation of endogenous vascular repair. These results show that these novel CBSCs can survive when injected into the ischemic heart and have the potential to differentiate into cardiac myocytes with mature function and to secrete factors that promote endogenous repair.
Novelty and Significance
